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prepared  a.nd  characterized  monolayers  ("mixed  monolayers")  by 
exposure  of  all  three  metals  to  mixtures  of  HS(CH2)iiCH  and 
HS  (CH2 ) 11CH3 .  On  all  three,  the  wettability  of  the  interfaces 
covers  the  range  between  the  extremes:  9“^^  =  -lO®  and 

Values  of  the  advancing  contact  angle  of  water  can  be  related  to 
their  com.position  by  Cassie's  expression.  The  similarity  in 
wettabilities  of  these  surfaces,  and  the  fact  that  wettability  is 
related  to  surface  composition  by  a  simple  linear^  relationship, 
both  argue  that  -CH2OH  and  -CH2CK3  functional  groups  behave 
approximiately  independently  at  the  monolayer-air  (water) 
interface.  Interactions  between  functional  groups,  and 
substantial  variations  in  the  structure  of  the  underlying 
polymethylene  region  of  the  SAM  are  much  less  important  in 
determining  interfacial  free  energies  than  are  the  areas  the 
functional  groups  occupy  at  the  interface. 
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Abstract 

Long-chain  alkanethiols  {HS{CH2)nX)  adsorb  from  solution  onto 
the  surfaces  of  freshly  evaporated  copper,  silver  and  gold  films 
and  form  oriented  monolayers.  Both  polar  and  non-polar  tail 
groups  (X)  can  be  accommodated  in  these  adsorptions.  Adsorption 
on  all  three  metals  generates  self-asse.mbled  monolayers  (SAKs) 
exhibiting  similar  wetting  properties,  and  thus,  by  inference, 
having  related  oriented  structures.  X?S  data  suggest  that  the 
co-terminated  n-alkanethiolate  monolayers,  like  those  derived  from 

simple  alka.nethiols,  are  composed  of  trans-extended  chains  having 
orientations  c.n  copper  and  silver  that  are  closer  to  the 
perpendicular  to  the  surface  than  are  those  on  gold.  We  have 
prepared  and  characterized  monolayers  ("mixed  monolayers")  by 
e.xposure  of  all  three  metals  to  mixtures  of  KS  (CHa)  iiOH  and 
HS (CH2) 11CH3 .  On  all  three,  the  wettability  of  the  interfaces 
covers  the  range  between  the  extre.mes:  63^*^  =  ~10®  and  -115®. 

Values  of  the  advancing  contact  angle  of  water  can  be  related  to 
their  composition  by  Cassie's  expression.  The  similarity  in 
wettabilities  of  these  surfaces,  and  the  fact  that  wettability  i..- 
related  to  surface  composition  by  a  simple  linear  relationship, 
both  argue  that  -CH2OH  and  -CH2CH3  functional  groups  behave 
approximately  independently  at  the  monolayer-air  (water) 
interface.  Interactions  between  functional  groups,  and 
substantial  variations  in  the  structure  of  the  underlying 
polymethylene  region  of  the  SAM  are  much  less  • nportant  in 
deter.mining  interfacial  free  energies  than  are  the  areas  the 
functional  groups  occupy  at  the  interface. 
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Introduction 

Long-chain  alkanethiols  (HS (CH2) nCKs)  adsorb  from  solution  onto 
the  surfaces  of  copper,  silver,  and  gold  and  form  densely  packed, 
oriented  monolayer  films  (self-assembled  monolayers,  SAMs)  that 
are  attached  to  the  surface  as  metal  thiolates  (RS'M"*")  .^”22 
gold,  alkanethiolate  monolayers,  derived  from  alkyl  thiols  or 
disulfides,  have  provided  system.s  used  for  studies  of  wetting, 
adhesion, protein  adsorption-^' and  electrochemistry .  ^^“-9 
These  assemblies  offer  a  high  degree  of  control  over  the  thickness 
of  the  monolayer,  and  accomodate  a  wide  range  of  polar  and  non¬ 
polar  tail  groups  at  the  opposite  terminus  of  the  polymethylene 
chain  from  the  thiol  group  (and  thus  at  the  interface  between  the 
SA:-!  and  the  vapor  or  liquid  phase  contacting  it)  .  To  date,  the 
self-assembling  system  reported  to  be  capable  of  generating  the 
widest  variety  of  organic  interfaces  is  that  based  on  adsorption 
of  a)-substituted  alkanethiols  on  gold.  17, 19-21  Here  we 

report  that  the  chemistry  described  for  alkyl  thiolates  on  gold 
can  be  readily  extended  to  alkyl  thiolates  on  silver,  end,  with 
greater  experimental  difficulty,  to  copper.  We  also  provide  data 
that  suggests  that,  while  the  alkanethiolate  monolayers  on  silver 
and  copper  have  structures  that  are  distinct  from  (although 
closely  related  to)  those  formed  on  gold,  similar  wettabilities 
are  observed  for  corresponding  SAMs  on  all  three  metals.  We  and 
others  have  described  extensive  structural  studies  of 
unsubstituted  alkanethiolates  on  gold,^'^^'^^  silver-'^  and  copper. ^ 
The  emphasis  i.n  the  present  paper  is  on  alkanethiolates  bearing 
terminal  substituents,  especially  polar  ones.  Ulman  et  al.23  have 


reported  that  monolayers  formed  by  adsorption  of  HS(CK2)iiOH  on 
silver  and  gold  have  different  wettabilities:  63^°  -20°  and  <10°, 

respectively.  We  find  the  wettability  of  SAMs  o.n  silver  and  cold 
derived  fro.m  hydroxyl-terminated  alkanethiols,  including  those 
derived  HS(CH2)aiOH,  to  be  the  same,  although  we  have  observed 
higher  values  of  63^°  on  silver  whose  surface  has  oxidized. 

Many  self-assembling  systems  now  exist  that  can  generate 
lew-energy  surf  aces ; however,  the  .number  capable  of 
generating  .high-energy  surfaces,  in  one  asse.mbJy  step,  are  few. 

For  exa.m.ple,  while  n-alkanoic  acids  adsorb  onto  various  .metal 
oxides  and  form  oriented,  oleophobic  monolayers , 25  03-hydrcxy-  and 
Oi-amiino-aikanoic  acids  adsorb  and  form  poorly  organized  films  that 

are  not  wet  by  water  (probably  because  they  form  ’’looped" 
structures  with  polar  functionalities  in  both  a-  and  co-positions 
coordinated  to  the  surface)  .  Relatively  hydrophilic  surfaces  (63^° 
=  30-50°)  have  been  prepared  on  silica  in  a  two-step  procedure: 
first,  adsorption  of  an  alkyltrichlorosilane  having  a  ter.mdnal 
olefin,  ester,  or  alkyl  sulfide  group  on  silica; second, 
chemical  transf orm.ation  of  the  non-polar  ter.minal  group  i.nto  a 
more  polar  group  (carboxylic  acid, 26  alcohol,  sulfone^®)  .  This 

type  of  syste.m  has  two  disadvantages.  First,  the  monolayers  of 
alkylsiloxanes  on  silica  are  probably  intrinsically  less  ordered 
than  SAMs  on  gold  and  silver,  29  and  are  unquestionably  more 
difficult  to  prepare  in  highly-ordered  form;  second,  the  reactions 
used  to  convert  functionalities  present  i.n  these  SAMs  to  more 
polar  forms  certainly  proceed  in  yields  less  than  100%. Thus, 
the  alkylsiloxane  monolayers  having  polar  terminal  functionality 


are  probably  disordered  both  in  structure  and  in  composition  at 
their  termini. 

In  contrast,  interfaces  that  are  both  polar  and  highly  wettable 
(alcohols,  carboxylic  acids,  phosphocholines ,  ^0 

amides^-)  have  been  prepared  by  adsorption  of  the  corresponding 
alkanethiols  onto  gold  surfaces.  We  believed  the  ability  of  gold 
to  discri.minate  between  hard  and  soft^l  tail  groups  could  be 
extended  to  surfaces  of  copper  and  silver. 

In  a  previous  paper, ^  we  have  shown  that  n-alkanethiols  adsorb 
o-nto  copper  and  silver  and  form  oriented,  densely  packed 
.monolayers.  These  SAMs  differ  in  one  respect  from  those  for.med  on 
cold;  X?S  and  IR  spectroscopy  indicated  that  the  alkyl  chains  are 
oriented  closer  to  the  perpendicular  to  the  surface  of  the  metal 
on  copper  and  silver  than  on  gold  (cant  angles,  relative  to  the 
surface  normal  are  13®  (copper  and  silver)  and  28®  (gold) )  .  Ke 
note  that  the  SA.Ms  studied  in  that  report^  and  here  exhibited  no 
(or  little)  surface  oxide  on  silver  and  gold;  the  monolayers 
for.med  on  copper  were  supported  on  an  interphase  that  contained 
oxide  even  though  exposure  of  the  unfunctionalized  surface  to  the 
atmosphere  was  minimized. 

Results  and  Discussion 

Films  of  copper,  silver,  and  gold  were  prepared  by  evaporation 
of  the  metals  onto  pre-cut  slides  of  Cr-primed  Si (100)  using  a 
resistively  heated  tungsten  filament  or  an  electron  beam.  The 
slides  were  immersed  in  1  mM  deoxygenated  ethanolic  solutions^^  of 
various  (^-terminated  alkanethiols  for  2-12  h  and  characterized  by 


measurement  of  contact  angle  and  XPS.  Some  SAMs  on  copper  (X  = 
CH3,  CK=CK2)  were  prepared  from  isooctane  and  exhibited  lower 
hysteresis  than  corresponding  SAMs  formed  from  ethanol.  The 
evaporated  films  of  copper. and  silver  were  transferred  to  solution 
under  a  flow  of  Ar;  films  of  gold  was  transferred  under  air. 

Table  I  sumjnarizes  the  advancing  and  receding  contact  angles  of 
water  and  hexadecane  on  the  resulting  SAMs. 

In  general,  the  wetting  behaviors  observed  on  the  monolayers 
prepared  o.n  silver  and  copper  are  similar  to  those  prepared  o.n 
cold;  the  hysteresis  in  the  contact  angles  of  water  is  generally 
greater  on  the  copper  surfaces.  Ke  believe  that  this  increase  is 
probably  due  to  the  roughening  of  the  metal-air  (or  monolayer) 
interface  that  occurs  during  oxidation  and  subsequent  adsorption 
cf  the  thiol.  Ke  note  that  the  range  of  wettabilities  —  for  8^“ 

*  120®  to  <  15®  —  demonstrated  on  copper,  silver,  and  gold 

cannot  be  achieved  in  other  self-assembling  systems. 

The  only  organic  groups  that  yielded  highly  hydrophilic 
surfaces  (63'^  <  20®)  are  those  that  exposed  groups  capable  of 

hydrogen-bond  donation  (OH,  CO2H,  CONK2)  .  ADcanethiols  terminating 
in  X  =  OH  or  CO2H  did  not  always  yield  SAMs  on  copper  that  were  as 
hydrophilic  as  those  formed  on  gold  or  silver;  for  X  =  OK,  ST^s 
were  not  wet  by  water  only  for  long-chain  (n  >  16)  adsorbates. 
Carboxylic  acids  and  alcohols  will  form  monolayers  on  most  (if  not 
all)  metal  oxides;^^  we  believe  that  the  films  formed  on  our 
slightly  cxidixed  copper  surfaces  probably  consist,  in  part,  of 
"looped"-^  and/or  "inverted"  structures.  These  overall  structures 
would  expose  a  hydrophobic,  disordered  interface  to  the  contacting 
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liquid  (vice  infra) .  ADcanethiols  terminating  in  polar  groups 
adsorbed  on  silver  urfaces  that  contained  an  oxide  interphase 
also  yielded  less  hydrophilic  surfaces;  the  contact  angles 
reported  here  on  silver  (Table  I,  Entries  17-25)  were  only 
obtained  when  exposure  of  the  evaporated  silver  to  atmosphere  was 
minimized.  The  adsorption  of  some  fraction  of  the  tail  groups  to 
the  oxide  surface  may  explain  some  of  the  higher  contact  angles  of 
water  observed  by  Ul.man  and  cc -orkers  for  polar  organic  surfcces 
formed  on  silver. We  have  been  able  to  reproduce  the  higher 
contact  a.ngles  of  water  reported  by  Ulm.an  et  al.  by  allowing  the 
silver  to  oxidize  sufficiently  before  exposure  to  a.n  co-hydroxy- 

alkanethicl .  .Reports  by  Ul.man  et  al.^^  that  wettability  of 
m.cnolayers  derived  by  cicsorption  of  HS(CH2)iiCH  on  gold  and  silver 
are  different,  and  computations  rationalizing  this  reported 
difference  repuire,  in  our  opinion  reanalysis:  in  cur 
experience,  the  wettahility  of  hydrcxyl-termir.ated  alkanethiolate 
.'Ticnolayers  on  silver  and  gold  ere  the  same. 

The  highly  hydrophilic  surfaces  (X  =  Oh  CONH2  and  CO2H;  E.ntries 
17-21)  provide  an  example  of  the  se.nsitivity  of  wetting  of  these 
systems  to  structure.  Replacement  of  a  hydrogen  atom  in  these 
structures  by  a  methyl  group  (X  =  OCH3,  CONrCH3,  CO2CK3;  Entries 

11,  15,  16)  is  sufficient  to  change  these  very  hydrophilic 
surfaces  to  hydrophobic  surfaces  =  70-90°)  that  are  also  no 

longer  wet  by  hexadecane;  similar  effects  have  been  observed 
previously. 

The  micnolayers  formed  on  the  three  metal  surfaces  were 
characterized  by  X?S  to  determine  their  structural  similarity  to 


films  formed  from  simple  n-alkanethiols  (Figure  1) ;  XPS  can  be 
used  as  a  measure  of  the  thickness  of  a  film  by  determining  the 
attenuation  of  photoelectrons  from  the  underlying  substrate  by  the 
adsorbed  layer. We  have  previously  shown  for  n-alkanethiolate 
monolayers  form.ed  on  the  three  metals  that  conclusions  concerning 
the  structure  of  the  SAM  drawn  from  XPS  attenuations  agreed  with 
those  from  For  this  study,  the  variations  in  head  groups 

complicate  comparison;  we  adopt  the  convention  of  comparing  the 
intensities  of  phctoelectrons  due  to  the  substrate  to  the  number 
of  atcm.s  that  extend  from  the  sulfur  to  the  end  of  the  tail  group 
in  the  adsorbed  molecule  (see  Table  I) .  While  this  treatment  is 
qualitative  and  does  not  take  full  account  of  differences  in  the 
structures  of  the  various  tail  groups,  it  provides  a  useful 
comparison.  The  degree  of  attenuation  is  also  a  function  of  the 
kinetic  energy  of  the  photoelectrons, and  we  compare  peaks  of 
similar  energies  —  that  is,  in  Figure  1,  Au(4d)  (BE  =  1143  eV) 

with  .qg(3d5/2)  (BE  =  1119  eV)  ;  Au(4f7/2)  (BE  =  1402  eV)  with  Cu(3p) 
(BE  =  1410  eV)  .  Each  datum  was  obtained  in  -3  min  and  the  da,mage 
to  the  monolayers  in  this  interval  due  to  exposure  to  X-rays  was 
negligible.  Figure  1  shows  that  the  attenuation,  and  thus  the 
relative  thicknesses  of  the  monolayers  containing  tail  groups  of 
differing  polarity  but  commensurate  in  size  with  the  polymethylene 
chains,  are  similar  to  those  derived  from  n-alkanethiols 
throughout  a  series  on  a  particular  metal.  We  stress  that  the  XPS 
data  presented  here  imply  that  the  functional  groups  are  supported 
on  a  hydrocarbon  layer  { (CE2) n)  that  is  analogous  in  thickness  and 
thus  in  packing  density  to  simple  n-alkanethiolate  monolayers  on 


Figure  1.  Intensity  of  photoelectrons  due  to  the  underlying 
metal  substrate  for  various  monolayers  adsorbed  on  the  surfaces  of 
copper  (□)  ,  silver  (O’),  and  gold  (O)  from  absolute  ethanol.  We 
define  "molecular  length"  as  the  number  of  contiguous  atoms  in  the 
adsorbate  spanning  the  monolayer.  (For  example,  for 
metal/SC.H2C02CH3  the  molecular  length  would  be  6.)  The  numeric 
labels  refer  to  compounds  listed  in  Table  I.  Absolute 
photoelectrcn  i.ntensities  are  a  function  of  instrumental 
parameters  a.nd  the  sets  of  data  have  bee.n  offset  vertically  to 
facilitate  comparison;  only  the  slopes  are  important  here.  The 
kinetic  energies  of  photoelectrcns  for  each  graph  are  similar: 
Au(4f7/2)  =  1402  eV  and  Cu(3?)  =  1412  eV;  Au(4d)  =  1143  eV  and 
Ag(3d5/2)  =  1119  eV.  The  filled  symbols  correspond  to  SAMs  derived 
from  n-alkanethiols  (X  =  C.H3)  .  Dashed  lines  were  determined  from 
linear  least  square  fits  to  data  obtained  from  adsorption  of 
n-alkanethiols  on  the  three  metals;  the  higher  slopes  obtained  on 
copper  and  silver  de.monstrate  that  the  SAMs  formed  on  these  metals 
are  oriented  closer  to  the  surface  normal  than  those  formed  on 
gold:  Au(4d)  =  -0.049  vs.  Ag(3ds/2)  =  -0.057;  Au(4f7/2)  = 
vs.  Cu{3p)  =  -0.051. 
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the  various  netals.^^  These  differences  in  the  change  in  thickness 
with  atomic  length  between  SAKs  formed  on  the  three  metals  suggest 
that  the  orientation  of  the  axis  of  the  polyroethylene  chain  is 
closer  to  the  normal  to  the  surface  on  copper  and  silver  than  on 
gold.  The  X?S  data  do  not,  however,  indicate  anything  about  fine 
details  of  structure,  especially  the  orientation  of  the  tail 
groups.  At  room  temperature,  calculations  by  Hautman  and  Klein 
indicate  the  tail  groups  to  be  dynamic  and  disordered . 

The  XFS  attenuation  of  the  films  formed  on  copper  by  exposure 
to  HS{CH2)nC02H  or  HS (CK2)  19, 22OH  suggests  that  the  packing  density 
of  the  film  approximates  a  densely  packed  oriented  monolayer.  The 
wettabilities  of  these  films  are,  however,  inconsistent  with  the 
formation  of  an  interface  comprising  densely  packed  carboxylic 
acid  or  hydroxyl  groups  (vide  supra) .  The  films  were  examined 
further  by  XPS.  High  resolution  spectra  of  the  S (2p)  region 
revealed  a  broad  envelope  that  could  not  be  fit  by  a  single  spin- 
orbital  doublet.  The  presence  of  intensity  at  slightly  higher 
binding  energies  (A  =  1  eV)  from  that  expected  for  metal-thiolates 

suggests  that  some  of  the  sulfur-containing  species  are  present  as 
thiols.  Similar  wetting  and  XPS  features  could  be  observed  on 
silver  that  had  been  highly  oxidized. 

Mixed  Monolayers  Adsorbed  from  Ethanol  Solution.  In  a 
further  comparison  of  the  characteristics  of  SAMs  on  the  three 
metals,  we  deter.mined  contact  angles  on  mixed  monolayers®'® 
prepared  by  adsorbing  KS  (CH2)  11CH3  and  HS(CH2)iiOH  from  1  mM 
ethanolic  solutions  containing  mixtures  of  these  two  compounds. 

T.he  metals  were  exposed  to  the  contacting  solution  for  2  h.  The 


wettabilities  of  the  resulting  monolayers  for  various  compositions 
of  the  solutions  and  of  the  resulting  SAMs  are  plotted  in  Figure 
2.  The  surface  compositions  were  determined  from  XPS  by  comparing 
the  intensity  of  the  0 (Is). peak  in  the  mixed  monolayer  to  the 
intensity  of  the  monolayer  derived  from  pure  HS(CH2)iiOH. 
Determinations  of  the  surface  compositions  on  copper  were 
complicated  by  the  presence  of  surface  oxide  and  are  therefore 
slightly  less  accurate  than  on  gold  and  silver. mhe  three 
syste.ms  were  dynamic:  the  films  incorporated  more  dodecanethiol 
and  became  increasing  hydrophobic  with  extended  exposure  to  the 
ethanolic  solutions.  The  relation  between  wettability  and  surface 
com.position  did  not  change  with  time  and  we  have  included  data 
from  longer  exposure  times  in  the  lower  panel  of  Figure  2. 

On  all  three  metals,  the  SAMs  exhibited  similar  wettabilities 
at  the  same  value  of  the  mole  fraction  of  the  hydroxyl-containing 
component  in  solution  (Xqh  '  surface  (Xqh 

alkanethiols  adsorb  on  the  three  metals  forming  monolayers  of 
similar  compositions,  and  the  wettability  of  these  mixed 
monolayers  is  better  described  by  Cassie's  equation^^  (eq  1),  than 
by  eq  2  suggested  by  Israelachvili  and  Gee^^  (Figure  2)  . 

ccs9  =  ficosi  +  f2cos02  (1) 

(1  +  coEe)2  =  f^d  +  cos0i)2  +  f2(l  +  cos02)2  (2) 

In  eq  1  and  2,  fn  is  defined  as  the  fractional  area  of  the  surface 
that  is  type  n,  and  0n  as  the  contact  angle  on  a  pure  homogeneous 
surface  of  type  n;  hydroxyl  and  methyl  groups  are  sufficiently 

S  u  7  ^ 

similar  in  size  that  we  assume  fn  and  Xn  *"  equivalent  for  the 


Figure  2.  Comparison  of  monolayers  adsorbed  on  copper  (O)  , 
silver  (D)  ,  and  gold  (^)  from  mixtures  of  HS(CH2)iiOH  and 
KS{CH2)iiCH3  dissolved  in  ethanol  after  2  h  exposure.  Solutions 
were  1  m4M  in  total  thiol  concentration.  Advancing  and  receding 
contact  angles  (filled  and  open  symbols,  respectively)  were 
m.easured  on  static  drops  of  water.  Surface  comipositions 
(patterned  symbols)  were  determined  frc.m  X?S  by  scaling  the  Oils) 
signal  to  that  cbtai.ned  on  the  pure  KS  (CH2)  nCK-derived  monolayer; 
the  background  level  of  oxygen  on  copper  (determined  from  the  pure 
HS  {CH2)  iiCHs-derived  monolayer)  was  subtracted  from  all  copper 
samules  prior  to  analysis. '^2  Cassie's  equaticn^^  (solid  lines; 
bottom  graph)  relates  the  surface  comipcsitic.n  linearly  to  the 
wettability  of  the  monolayer  by  water.  Israelachvili  and  Gee's 
ecuation^^  (dashed  line)  does  not  describe  the  relation  betwee.n 
advancing  contact  angle  and  surface  composition  as  well  as 
Cassie's  equation.  The  lowest  panel  includes  data  obtained  from 
samples  that  were  exposed  to  the  contacting  solutio.ns  for  2-4  8  h. 


system  studied  here.  We  discuss  the  comparison  of  these  equations 
further  below. 

The  similarity  in  surface  compositions  (Xqh  ^  common  value 

of  solution  composition  remarkable  given  the  differences 

in  the  structures  of  the  monolayerS/  the  strength  of  the  various 
thiolate-.metal  bonds,  and  most  importantly,  the  different 
che.mistries  that  must  be  occurring  during  adsorption  of  the  thiols 
onto  surfaces  having  differing  a.mounts  of  oxide.  This  similarity 
is  particularly  striki.ng  for  silver  (which  has  an  oxide  surface 
before  exposure  to  thiol) ,  and  cold  (which  does  not)  , 

The  hysteresis  in  the  contact  angles  of  water  appears  constant 
over  all  surface  cc.mpcsitior.s  (and  wettabilities)  on  each  of  the 
three  m;etals.  This  observation  suggests  that  any  islanded  domains 
that  .may  have  for.med  have  similar  site.  The  hysteresis  on  each 
metal,  however,  is  significantly  different  (Cu  >  Ag  >  Au) .  Since 
the  surface  roughness  of  the  metals  may  be  different,  hysteresis 
cannot  be  related  directly  to  differences  in  the  structures  of  the 
monolayers . 

Mixed  Monolayers  Adsorbed  from  Isooctane  Solution.  We 
also  examined  whether  the  characteristics  of  the  mixed  monolayers 
on  the  three  metals  differed  in  their  response  to  the  solvent  used 
in  their  preparation.  Figure  3  gives  data  using  isooctane  as  a 
solve.nt  that  parallel  those  in  Figure  2  using  ethanol.  Bain  et 
al.  have  siiown  that  the  preference  of  elkanethiols  terminated  with 
polar  functional  groups  for  a  gold  surface  could  be  dramatically 
increased  relative  to  non-polar  elkanethiols  by  using  a  less  polar 
solvent  in  adsorption  of  the  SAM.®  Figure  3  shows  that  similar 


Figure  3.  Comparison  of  monolayers  adsorbed  on  copper  (O)  , 
silver  (O)  ,  and  gold  (O)  from  mixtures  of  HS(CH2)iiOH  and 
HS(CH2)iiCH3  dissolved  in  isooctane  after  1  h  exposure.  Solutions 
were  1  mM  in  total  thiol  concentration.  Data  were  analyzed  and 
are  presented  as  in  Figure  2. 


behaviors  occur  on  all  three  metals  using  isooctane  as  the  solvent 
for  the  alkanethiols,  and  that  all  three  differ  in  similar  ways 
from  monolayers  formed  from  ethanol.  While  the  -CK3  and  -CH2OH 
terminated  thiols  competed , about  equally  for  the  metal  surfaces 

from  ethanol,  the  latter  absorbs  preferentially  from  isooctane. 
With  continued  exposure  to  the  contacting  solution,  increases 

and  the  film  becomes  more  hydrophilic.  Although  the  adsorption 
profiles  from  isooctane  are  different  from  those  performed  from 
ethanol,  the  wetti.ng  data  are  again  better  described  by  eq  1  t.ha.n 
eq  2  even  though  the  hydrophilicity  of  the  pure  hydroxyl  surface 
(/ch”  =  1.0)  is  substantially  less  from  isoocta.ne  on  all  three 

metals  than  from  ethanol.  Adsorption  of  hydroxyl-terminated 
thiols  onto  gold  from  a  non-hydrogen-bonding  solvent  has  been 
shown  to  result  in  SAMs  that  are  less  hydrophilic  than  those 
formed  i.n  ethanol .  ^  We  do  not  know  the  cause  of  this  difference: 
two  possibilities  are  formation  of  hydrogen-bonded  networks  having 
different  structures,  or  contamination  of  the  polar  interface  by 
impurities  in  solvent. 

Ulm.a.T^^  has  recently  proposed  the  presence  of  a  wetting 
transition  for  SAMs  on  gold  derived  for  mixtures  of  CH3(CH2)iiSH 
and  HO(CH2)iiSH.  The  data  in  Figures  2  and  3  clearly  do  not 
support  the  presence  of  a  wetting  transition  for  water  in  these 
m.ixed  monolayers  on  gold,  silver  or  copper.  No  significant 
departures  from  Cassie's  equation  were  observed  with  SAMs  adsorbed 
from  ethanol  or  isooctane  on  any  of  the  three  metals  studied  here. 

The  Relation  Between  Wettability  and  Surface 
Composition:  Cassie  vs.  Israelachvili-Gee .  Israelachvili 


and  Gee^^  have  suggested  eq  2  as  an  alternative  to  eq  1  "whenever 
the  size  of  chemically  heterogeneous  patches  approach  molecular  or 
atomic  dimensions."  We  have  shown  here  that  SAMs  prepared  from 
mixtures  of  CK3(CH2)iiSH  and  H0(CH2)iiSH  are  better  described  by  eq 
1  than  eq  2 .  In  contrast,  Bain  et  al.  have  shown  that  mixed  SAMs 
on  gold  prepared  from  CH3(CH2)ioSH  and  H0(CH2)iiSH  are  more 
hydrophilic  than  Cassie's  relation  would  suggest .  ^  Me  have 
reanalyzed  their  data  a.nd  find  that  the  wettability  of  the  mixed 
monolayers  is  well  described  by  eq  2.'^®  Why  the  apparent 
disagree.T.ent  in  two  very  simdlar  systems?  One  possible  hypothesis 
.might  be  that  the  former  system  forms  SAMs  that  are  highly 
islanded  and  the  latter  does  not.  While  we  have  no  explicit  proof 
concerning  the  degree  of  aggregation  present  in  these  systems,  we 
feel  that  the  effect  can  be  explained  in  terms  of  the  differences 
in  the  molecular-level  heterogeneity  present  in  the  two  systems, 
and  propose,  as  one  hypothesis,  a  rationalization  based  on 
microscopic  roughness. 

If  one  extends  Cassie's  relation  to  the  molecular  level  and 
sums  over  the  surface  areas  of  hydroxyl  and  methyl  groups,  a 
difference  between  the  two  systems  becomes  apparent  that  may  be 
i.mportant .  The  two  systems  differ  by  a  single  methylene  in  the 
methyl-terminated  alkanethiol  (Figure  4).  In  the  system  reported 
here,  the  mixed  monolayer  should,  on  the  average,  expose  the  two 
functionalities  at  a  common  molecular  height  (Case  I) .  The 
molecular-level  surface  area  should  not  change  over  all  surface 
compositions;  the  surface  area  of  a  hydroxyl  should  be  linearly 
related  to  its  surface  composition.  We  predict  a  linear  relation 


Case  I.  1 :1  Mixed  monolayer  derived  from 
HS(CH2)i^OH  and  HS(CH2)inCH3 


Case  II.  1 :1  Mixed  monolayer  derived  from 
HS(CH2)iiOH  and  HS(CH2)ioCH3 


Figure  4.  Schematic  illustration  of  the  surfaces  of  monolayers 
derived  from  mixtures  of  KS(CH2)iiOH  and  KS(CH2)iiCK3  (Case  I)  end 
HS(CH2)nOH  and  HS(CH2)ioCH3  (Case  II).  Cases  I  and  II  differ  by 
one  methylene  in  the  length  of  the  hydroxyl-terminated  chain. 
Experimentally,  the  advancing  and  receding  contact  angles  of  water 
in  the  two  systems  are  related  to  the  molar  fraction  of  the  two 
components  by  different  expressions:  Case  I,  eq  1;  Case  II,  eq  2 
We  hypothesize  that  the  difference  in  wetting  may  be  due  to 
greater  exposure  of  the  hydroxyl  groups  in  Case  II  than  in  Case  I 
The  diagrams  are  schematic  and  oversimplified:  both  surfaces  are 
disordered  to  an  extent  we  cannot  presently  specify. 
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between  wettability  and  surface  coniposit ion .  In  the  mixed 
monolayers  studied  by  Bain  at  al.,-  the  hydroxyl  groups  can,  on  the 
average,  reside  above  the  p.ane  of  the  methyl  surface  (Case  II)  . 

The  surface  of  the  mixed  monolayer  containing  two  components  of 
different  lengths  might  be  microscopically  rougher,  and  have  a 
larger  surface  area,  than  for  SAlfs  derived  from  either  of  the  two 
ccm.pcnents  alone.  Because  the  hydroxyl  groups  extend  above  the 
plane  defined  by  the  m'.ethyl  groups,  the  fraction  of  the  surface 
area  due  to  hydroxyl  groups  should  be  greater  tha.n  the  surface 
ccm.pcsitio.n  of  these  groups.  Cassie's  relatio.n  (applied  at  the 
m.olecular  level)  would  predict  that  the  S^Us  would  appear  more 
hydrophilic  t.ha.n  cstim^ated  from  surface  compositions. 

Conclusions 

co-Ter.minated  alkar.ethiols  fcr.m  oriented  monolayers  on  copper, 
silver  and  gold  surfaces  that  exhibit  similar  wetting  properties, 
although  they  differ  significantly  in  s  ructure  (specifically  in 
the  cant  angles  of  the  trans-extended  chains:  on  gold,  28°;  on 
copper  and  silver,  13°) .  In  particular,  we  observed  no 
differe.nces  i.n  the  wettabil'-ty  of  hydroxyl-ter.T.inated  mc.nolayers. 
This  observation  is  i.n  disagree.ment  with  reports  by  Ulm  m  et  al.23 
The  three  metals  accommodate  a  variety  of  tail  croups;  organic 
surfaces  of  a  wide  range  of  wettabilities  (Bg^^  of  <15°  to  -115°) 

can  be  generated  on  each.  Monolayers  prepared  on  each  of  these 
metals  fro.m  mixtures  of  alkanethiols  of  similar  chai.n  lengths 
containing  different  tail  groups  show  similar  relations  betwee.n 
the  compositions  or  the  monolayers  and  the  compositions  of  the 


solutions  from  which  they  were  formed,  and  exhibit  similar 
wettabilities.  The  wettability  of  the  mixed  monolayers  cerived 
from  alkanethiols  having  the  same  number  of  methylene  groups  are 
better  described  by  the  relation  of  Cassie^^  than  of  Israelachvili 
and  Gee.'*'*  No  wetting  transition  was  observed  on  SAWs  on  gold, 
silver  or  copper  prepared  from  mixtures  of  KS(CH2)iiOK  and 
HS (CH2) 11CH3  .  This  observation  disagrees  with  a  recent  report  by 
Ulman  et  al.'^^  for  SAMs  on  cold. 


Experimental 

Materials.  ll-3romo-undecyl  t-butyldimethylsilyl  ether  and 
most  alkanethiols  were  available  from  previous  studies ; 
other  .materials  were  obtained  from  Aldrich  and  used  as  received 


unless  specified.  Octadecanethiol  was  distilled  under  reduced 


pressure  prior  to  use.  1, 1, 2, 2-Dihydrido-perf lucrooctyl  thiol  and 
1 6-rriercapto-hexadecanoamide  were  gifts  of  Dr.  Nandan  .Aao  (Dupont) 


and  Dr.  Ralph  G.  Nuzzo  (AT&T  Bell  Labs),  respectively.  IS-Cyano- 
l-hexadece.ne'*^  and  10-undecenamide^®  were  prepared  by  literature 


procedures.  Isooctane  was  percolated  through  neutral  alumina  to 
remove  polar  products  of  oxidation.  Absolute  ethanol  (Quantu.m 
Chemical  Corp.)  and  isooctane  were  decxygenated  with  bubbling  N2 


for  30  min  prior  to  use.  Details  of  the  preparation  of  the 
following  molecules  are  given  in  supplementary  material  to  this 
journal :  11- (2, 2, 3, 3, 3-pentaf luoropropoxy) -undecanethicl,  ethyl- 

1 1-mercapto-undecanoate,  11-cyano-l-undecyl  thiol,  16-cyano-l- 
hexadecyl  thiol,  21-cyano-l-heneicosyl  thiol,  10-mercapto-l- 
decanol,  22-mercapto-l-docosanol ,  and  ll-.mercapto-undecanamide . 
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Preparation  and  Characterization  of  Monolayers. 
Procedures  were  identical  with  those  previously  reported;^ 
substrates  were  prepared  by  evaporation  in  a  cryogenically-pumped 
electron  beam  evaporator  (base  pressure  »  8  x  10~8  torr) .  Single- 

ccmpone.nt  monolayers  were  characterized  by  wetting  and  XPS  after 
immersion  for  12  h  in  1  irM  deoxycenated  ethanolic  solutions. 

Mixed  monolayers  were  formed  from  deoxygenated  solutions  that  were 
1  mJ-i  i.n  total  thiol  concentration;  immersio.n  times  for  mixed 
monolayers  are  as  stated  in  the  figure  captio.ns. 

Acknowledgements,  We  are  grateful  to  Dr.  Na.ndan  Rao 
(Dupont),  Dr.  Ralph  G.  Nuzzo  (AT&T  Bell  Labs),  and  our  colleagues 
Colin  D.  Bai.n  and  Lana  E.  Janes  for  suppplying  some  of  the  thiols 
used  in  this  work,  and  Drs.  Abe  Ulman  and  Steve  Evans  (Kodak)  for 
useful  discussions. 

Supplementary  Material  Available.  Details  of  the 
preparation  of  11-  (2, 2, 3, 3, 3-pentaf luoropropoxy) -undecanethiol, 
ethyl-ll-mercapto-undecanoate,  11-cyano-l-undecyl  thiol,  16-cyano- 
1-hexadecyl  thiol,  and  21-cyano-l-heneicosyl  thiol,  10-mercapto-l- 
decanol,  22-mercapto-l-docosanol  and  11-mercapto-undecanamide  (11 
paces)  .  Ordering  information  is  given  on  any  current  masthead 


pace . 
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Figure  Captions 


Figure  1.  Intensity  of  photoelectrons  due  to  the  underlying 
metal  substrate  for  various  monolayers  adsorbed  on  the  surfaces  of 
copper  (□) ,  silver  (O) ,  and  gold  (O)  from  absolute  ethanol.  We 
define  "molecular  length"  as  the  number  of  contiguous  atoms  in  the 
adsorbate  spanning  the  monolayer.  (For  example,  for 
metal/SCH2C02CH3  the  molecular  length  would  be  6.)  The  numeric 
labels  refer  to  compounds  listed  in  Table  I.  Absolute 
phctoelectron  intensities  are  a  function  of  instru.mental 
paramieters  and  the  sets  of  data  have  been  offset  vertically  to 
facilitate  comparison;  only  the  slopes  are  important  here.  The 
kinetic  energies  of  photoelectrons  for  each  graph  are  similar: 
Au(4f7/2)  =  1402  eV  and  Cu(3p)  =«  1412  eV;  Au(4d)  =•  1143  eV  and 
Ag(3d5/2)  =  1119  eV.  The  filled  symbols  correspond  to  SAMs  derived 
from  n-alkanethiols  (X  =“  CH3)  .  Dashed  lines  were  determined  frcm 
linear  least  square  fits  to  data  obtained  from  adsorption  of 
n-alkanethiols  on  the  three  metals;  the  higher  slopes  obtained  on 
copper  and  silver  demonstrate  that  the  SAMs  formed  on  these  m*etals 
are  oriented  closer  to  the  surface  normal  than  those  formed  on 
gold:  Au(4d)  =  -0.049  vs.  Ag(3d5/2)  =  -0.057;  Au(4f7/2)  =  -0.041 

vs .  Cu  (3p)  =  -0 . 051 . 

Figure  2.  Comparison  of  monolayers  adsorbed  on  copper  (O)  , 
silver  (□)  ,  and  gold  (O')  from  mixtures  of  HS(CH2)liOH  and 
KS  (CK2)  11C.H3  dissolved  in  ethanol  after  2  h  exposure.  Solutions 
were  1  muM  in  total  thiol  concentration.  Advancing  and  receding 


contact  angles  (filled  and  open  symbols,  respectively)  were 
measured  on  static  drops  of  water.  Surface  compositions 
(patterned  symbols)  were  determined  from  XPS  by  scaling  the  0(ls) 
signal  to  that  obtained  on  the  pure  HS  (CH2)  iiOH-derived  monolayer; 
the  background  level  of  oxygen  on  copper  (determined  from  the  pure 
KS  (CH2) iiCH3-derived  monolayer)  was  subtracted  from  all  copper 
samples  prior  to  analysis. Cassie’s  equation^^  (solid  lines; 
bottom  graph)  relates  the  surface  composition  linearly  to  the 
wettability  of  the  monolayer  by  water.  Israelachvili  and  Gee's 
equation’'^  (dashed  line)  does  not  describe  the  relation  between 
advancing  contact  angle  and  surface  composition  as  well  as 
Cassie's  equation.  The  lowest  panel  includes  data  obtained  from 
samples  that  were  exposed  to  the  contacting  solutions  for  2-48  h. 

Figure  3.  Comparison  of  monolayers  adsorbed  on  copper  (O)  , 
silver  (□)  ,  and  gold  (O)  from  mixtures  of  KS(CK2)iiOH  and 
HS(CH2)iiCH3  dissolved  in  isooctane  after  1  h  exposure.  Solutions 
were  1  m_M  in  total  thiol  concentration.  Data  were  analyzed  and 
are  presented  as  in  Figure  2. 

Figure  4.  Schematic  illustration  of  the  surfaces  of  monolayers 
derived  from  mixtures  of  HS(CK2)iiOH  and  KS(CK2)iiCH3  (Case  I)  and 
KS(CH2)iiOH  and  HS(CH2)ioCH3  (Case  II).  Cases  I  and  II  differ  by 
one  methylene  i.n  the  length  of  the  hydroxyl-terminated  chain. 
Experimentally,  the  advancing  and  receding  contact  angles  of  water 
in  the  two  systems  are  related  to  the  molar  fraction  of  the  two 
components  by  different  expressions:  Case  I,  eq  1;  Case  II,  eq  2. 


Ke  hypothesize  that  the  difference  in  wetting  may  be  due  to 
greater  exposure  of  the  hydroxyl  groups  in  Case  II  than  in  Case  I. 
The  diagrams  are  schematic  and  oversimplified:  both  surfaces  are 
disordered  to  an  extent  we . cannot  presently  specify. 
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Materials.  All  materials  were  obtained  fro.m  Aldrich  and  used 

as  received  unless  specified  below.  Thioacetic  acid  was  obtained 

from  Fluka.  1  l-3romo-undecene  was  obta'  led  frc.m  Pfaltz  &  Bauer, 

NaCN  from  Fisher,  9-decenol  from  Alfa,  and  K2CO3  from  Sigma. 

Photolyses  were  conducted  with  a  100  W  medium  pressure  Kg  lamp. 

Column  chromatographic  purifications  were  performed  wish  230-400 

mes-h  silica  gel  (EM  Science)  .  Melting  points  are  reported 

! 

u.ncorrect  ed .  Elemental  a.nalyses  were  perfcr.med  by  O.neida  Research 
Services . 

11-  (2, 2, 3, 3, 3-Pent af luoropropoxy ) -unde  cane t hi ol  (  2 )  . 
Sodium  (0.50  g,  22  mmol)  was  added  to  a  scluticn  of  2, 2, 3,3,3- 
pentaf luoro-propar.ol  (3.55  g,  23.7  mmol)  in  30  m.L  cist  THF  and 
stirred  under  N2  for  1  h.  A  solution  of  11-brcmo-l-undecene  (3.50 
g,  15.0  mmol)  in  40  mL  dist  TKF  was  added  and  the  mixture  refluxed 
for  72  h.  The  reaction  was  quenched  by  addition  of  30  mL  dist  .K2O 
and  subseque.ntly  extracted  with  CK2CI2  (3  x  25  mL)  .  The  organic 
extracts  were  combined  and  concentrated.  11- (2, 2, 3, 3, 3- 
pentaf luoropropoxy) -1-undecene  was  separated  from  rem.aining  11- 
bromo-l-undecene  by  chromatngraphy  (5%  EtC.^c/hexanes)  a-nd  obtained 
as  a  colorless  liq-uid  (3.02  g,  10.0  mmol,  66%).  NMR  (CDCI3,  250 

MHz)  5  5.80  (m,  IK),  4.95  (m  ,  1  H) ,  4.93  (m,  1  H) ,  3.85  (t,  J  = 

13  Kz,  2  K),  3.56  (t,  J  -  7  Hz,  2  H) ,  2.02  (quart,  J  -  6  Kz,  2  K) , 
1.55  (m,  4  H),  1.2-1. 3  (m,  10  H) . 

A  solution  of  11- (2, 2, 3, 3, 3-pentafluoropropoxy) -l-undecene  (2.96 
g,  9.8  mmol),  4  mL  of  thiclacetic  acid,  and  ~10  mg  of  AI5N  were 
combined  in  40  mL  of  THF  and  photolyzed  for  6  h.^  The  solution  was 
added  to  200  mL  of  dist  H2O  and  extracted  with  Et20  (3  x  50  mL) . 


The  organic  extracts  were  conbined,  dried  over  MgS04  and 
concentrated  to  give  a  yellow  oil  which  was  purified  by 
chrcxatography  (5%  EtOAc/hexanes)  and  gave  11- (2, 2, 3, 3, 3- 
pentaf luoropropoxy) -1-undecyl  thioacetate  as  a  colorless  liquid 
(2.65  g,  7.5  irmcl,  77%).  NMR  (CDCI3,  300  MHz)  5  3.85  (t,  J  »  13 

Hz,  2H) ,  3.56  (t,  J  =  7  Hz,  2  K)  ,  2.84  (t,  J  =  7  Hz,  2  H) ,  2.30 
(s,  3  H),  1.55  (.'n,  4  H)  ,  1.51  (t,  J  =  7  Hz,  1  H)  ,  1.2-1. 3  (m,  10 
H)  . 

.A  solution  of  11- (2, 2, 3,  3, 3-pentafluorcprcpoxy) -1-undecyl 
thioacetate  (2.74  g,  7.24  nmol)  in  30  mL  .MeCH  was  deoxygenated 
with  K2  for  20  -in.  Granular  K2CO3  (0.25  g,  Sigma)  was  added  and 
the  .mixture  stirred  for  2  h  under  N2 .  The  reaction  was  quenched  by 
addition  of  10%  aqueous  KCl  and  the  title  compound  separated  by 
extraction  with  Et20  (3  x  25  mL)  ,  The  organic  extracts  were 
combined,  dried  with  .MgSO^,  and  concentrated.  The  oil  was  purified 
by  chrc.T.atography  (5%  EtCAc/hexanes)  and  the  title  com.pound  was 
obtained  a.s  a  colorless  liquid  (1.87  g,  5.56  mmol,  77%).  ^H  NMR 
(CDCI3,  300  liHz)  5  3.85  (t,  J  =  13  Hz,  2  K)  ,  3.56  (t,  J  =■  1  Hz,  2 

H)  ,  2.50  (ouart,  J  =  7  Hz,  2  H) ,  1.5-1. 6  (m,  4  H) ,  1.31  (t,  J  =  7 
Hz,  1  H) ,  1.2-1. 3  (m,  10  K) .  Anal .  Calcd  (Found)  for  C14K25F5OS: 

C,  49. £9  (50.29);  H,  7.49  (7.44);  S,  9.53  (9.69). 

Ethyl-ll-mercapto-undecanoate  (9).  Ethyl  undecenoate  (10.6 
g,  50.0  mmol),  thiolacetic  acid  (5  mL)  and  ~5  mg  AIBN  were 
combined  in  40  mL  of  TKF  and  photolyzed^  for  12  h  and  subsequently 
concentrated  to  give  a  yellow  oil.  The  oil  was  dissolved  in  60  mL 
ats  Eton  and  the  solution  deoxygenated  with  bubbling  N2  for  30  min. 
Cone  HCl  (5  mL)  was  added  and  the  solution  was  refluxed  for  4  h 


under  N2 .  After  concentration,  the  title  compound  was  obtained  by 
vacuum  distillation  (120-123  °C,  <1  torr)  as  a  colorless  liquid 
(7.70  g,  31.3  mmol,  62%).  *H  NKR  (CDCI3,  300  MHz)  5  4.10  (quart,  J 

=  7  Hz,  2  H) ,  2.50  (quart,  J  =  7  Hz,  2  H)  ,  2.26  (t,  J=  7  Hz,  2 
H) ,  1.58  (m,  4  H) ,  1.30  (t,  J  =  7  Hz,  1  H)  ,  1.2-1. 3  (m,  12  K) , 

l. 23  (t,  >7=7  Hz,  3  H)  .  Anal  .  Calcd  (Found)  for  Ci3H2e02S:  C, 
63.37  (63.33);  H,  10.64  (10.68);  S,  13.01  (13.82). 

11-Cyano-l-undecyl  thiol  (12).  A  solutio.n  of  ll-uucmo- 
1-un.decene  (3. SO  g,  16.7  mmol)  and  KaCN  (1.53  g,  31.2  mumol)  in  30 
miL  uMSO  were  stirred  for  4  d.2  The  solution  was  oomhi-ned  with  50 

m. L  cist  H2O  and  extracted  with  Et20  (3  x  25  mL)  .  The  organic 
e.xtracts  were  ccnce.ntrated  to  give  ll-cyano-l-u.ndecene  (2.83  g, 

15.8  m.mcl,  S4%)  as  a  colorless  oil  which  was  .not  purified  further. 
^H  HMh  (CDCI3,  250  MHz)  5  5.7-5. 9  (m,  1  H)  ,  4.95  (m,  1  H) ,  4.94  (m, 

1  H),  2.31  (t,  2  H,  7=7  Hz),  2.02  (quart,  2  H,  j  =  7  Hz) ,  1.64 

(m,  2  H) ,  1 ,2-1 .5  (m,  12  H) . 

A  solution  of  1  l.-cyano-l-undecene  (2.83  g,  15.8  mjnol)  , 
thiolacetic  acid  (3  mL)  ,  AI5N  (5  mg),  and  50  mL  l-IeOH  were 
photolyzed  for  12  h.^  The  solution  was  conce.ntrated  and  11-cyano- 
1-undecyl  thioacetate  (3.42  g,  13.4  mmol,  85%)  obtained  by 
chro.matography  (10%  EtOAc/hexanes)  as  a  colorless  liquid.  -H 
(CDCI3,  500  MHz)  5  2.87  (t,  2  H,  7=7  Hz),  2.34  (t,  2  H,  7=7 

Hz),  2.32  (s,  3  H) ,  1.65  (quint,  2  K,  7  =  7  Hz)  ,  1.55  (m,  2  H) , 

1 .2-1.5  (m,  14  H)  . 

A  solution  of  11-cyano-l-undecyl  thioacetate  (1.20  g,  4.70  mmol) 
in  15  miL  MeOH  was  deoygenated  with  N2  for  30  min.  Granular  X2CO3 
(0.5  g)  was  added  and  the  mixture  was  stirred  for  3  h  under  N2 . 


The  reaction  mixture  was  quenched  with  10%  HCl  and  extracted  with 
Et20  (3  X  20  mL) .  The  organic  extracts  were  combined  and 
concentrated.  Chromatography  (10%  EtOAc/hexanes)  afforded  11- 
cyano-undecyl  thiol  (480  mg,  2.25  mmol,  48%)  and  di(ll-cyano- 
undecyl)  disulfide  (300  mg,  0.71  mmol,  30%)  as  a  colorless  liquid 
and  a  white  solid,  respectively.  11-Cyano-undecyl  thiol  (12)  . 
NMR  (CDCI3,  300  MH2)  5  2.50  (quart,  2  H,  J  =  7  .Hz),  2.31  (t,  2 

H,  J=  1  Hz),  1.63  (m,  4  H) ,  1.31  (t,  1  H,  J  =  7  Hz) ,  1.2-1. 4  (m, 

14  H)  .  Calcd  (Found)  for  C12H22NS :  C,  67,55  (67.69);  H, 

10.66  (11.00);  N,  6.56  (6.41);  S,  15.02  (14.70).  Di(ll-cyano- 
undecyl)  disulfide.  M.P.  32-33  ®C.  NKR  (CDCI3,  300  MHz)  5 

2.65  (t,  4  H,  J=  7  Hz),  2.31  (t,  4  H,  J=  7  Hz),  1.63  (m,  8  H) , 

I. 2-1.45  (m,  28  H)  .  Anal.  Calcd  (Found)  for  C24K44N2S2:  C,  67.87 
(67.89);  H,  10,44  (10,55);  N,  6.60  (6.45);  S,  15.10  (14.69). 

16-cyano-l-hexadecyl  thiol  (13).  A  solution  of  16-cyano-l- 
hexadecene^  (1.21  g,  4.87  mmol),  thiolacetic  acid  (2  g) ,  AIBN  (10 
mg)  and  4  0  .mL  T.H?  was  photolyzed  for  8  h.^  The  solution  was 
concentrated  to  yield  a  yellow  solid  which  was  purified  by 
chromatography  (10%  EtCAc/hexanes)  to  yield  16-cyano-l-hexadecyl 
thioacetate  as  a  white  solid  (1.45  g,  4.46  mmol,  92%).  M.P.  56-57 
“C.  iH  KMH  (CDCI3,  250  MHz)  5  2.84  (t,  2  H,  J=  7  Hz),  2.32  (t,  2 

H,  J  =  7  Hz),  2.30  (s,  3  H),  1.64  (quint,  2  H,  J-  =  7  Hz),  1.51  (m, 

2  H),  1.2-1. 5  (m,  24  K)  .  Anal.  Calcd  (Found)  for  C1SH35NOS:  C, 
70.10  (70.23);  H,  10.84  (11.26);  N,  4.30  (4.22);  S,  9.85  (10.03). 

A  solution  of  16-cyano-l-hexadecyl  thioacetate  in  50  mL  MeO.H  was 
deoxygenated  with  N2  for  20  min  prior  to  addition  of  granular  K2CO3 
(1.25  g)  and  subsequent  stirring  under  N2  for  2  h.  The  reaction 


S6 


was  quenched  by  addition  of  3  mL  cone  HCl  and  50  mL  dist  H2O,  and 
extracted  with  Et20  (3  x  20  mL) .  The  organic  extracts  were 
combined  and  concentrated  to  yield  a  white  solid  that  contained 
two  primary  materials.  Separation  by  ohromatography  (10% 
EtOAc/hexanes)  afforded  16-cyano-l-hexadecyl  thiol  (1.09  g,  3.85 
m.mol,  90%)  and  di  (16-cyano-hexadecyl)  disulfide  (0.12  g,  0.21 
n-JTiol,  10%)  as  white  solids.  16-Cyano-hexadecyl  thiol  (13). 
M.?.  39.5-40  °C.  NMR  (CDCI3,  300  KH2)  5  2.50  (quart,  2  H,  J=  1 

Hz),  2.31  (t,  2  H,  J-  =  7  Hz),  1.61  (m,  4  H,  J  =  7  Hz),  1.30  (t,  1 
H,  J  =  1  Hz),  1.2-1. 5  (m,  24  H) .  tnal .  Calcd  (Found)  for 
C17H33NS:  C,  72.02  (72.03);  H,  11.73  (11.93);  N,  4.94  (4.62);  S, 

11.31  (12.34).  Di- (16-cyano-hexadecyl)  disulfide.  M.?.  61-64 

'C.  -H  N.MFl  (CDCI3,  300  MHz)  5  2.66  (t,  4  H,  J  =  7  Hz),  2.32  (t,  4 

H,  J=  7  Kz),  1.65  (m,  4  H) ,  1.2-1. 5  (m,  52  K) .  Anal.  Calcd 
(Found)  for  C34H64N2S2:  C,  72.28  (72.50);  H,  11.42  (11.76);  N, 

4.96  (4.94) ;  S,  11.35  (11.76) . 

21-cyano-l-heneicosyl  thiol  (14)  .  A  solution  of  21-bromo- 
1-heneicosene  (974  mg,  2.61  mmol)  and  NaCN  (170  mg,  3.5  mmol)  in 
15  mL  DMSO  were  stirred  at  80  ®C  for  1  h.^  After  cooling  to  R.T., 
the  solution  was  combined  with  35  mL  dist  H2O  and  extracted  with 
hexanes  (3  x  20  mL) .  The  organic  extracts  were  combined  and 
concentrated  to  yield  a  white  solid  which  was  purified  by 
chromatography  (20%  EtOAc/hexanes)  to  yield  21-cyano-l-heneicosene 
as  a  white  solid  (784  mg,  2.45  mmol,  94%).  M.P.  44-45.5  ®C. 

NMR  (CDCI3,  250  MHz)  5  5.80  (m,  1  H)  ,  4.95  (m,  1  H) ,  4.93  (m,  1  H) , 

2.31  (t,  J  “  7  Hz),  2.01  (quart,  «7“  7  Hz),  2  H),  1.64  (quint,  J- 
7  Hz,  2  H) ,  1.2-1. 4  (m,  34  H) . 


A  solution  of  2 1-cyano-l-heneicosene  (760  mg,  2.38  m-mol)  , 
thiolaoetic  aoid  (2  g) ,  AIBN  (10  mg)  and  40  mL  TKF  was  photolyzed 
for  2  h.l  The  solution  was  corniined  with  40  mL  dist  H2O  and 
extracted  with  Bt20  (3  x  20  mL) .  The  organic  extracts  were 
co.Tibined  and  concentrated  to  give  a  solid  that  was  purified  by 
chromatograp.hy  (25%  EtOAc/hexanes)  to  yield  21-cyano-l-heneicosyl 
thioacetate  as  a  white  solid  (765  mg,  1.93  mmol,  81%).  M.P.  65-66 
■=0.  N.vR  (CDCI3,  500  KHz)  5  2.64  (t,  2  H,  J  =  7  Hz),  2.30  (t,  2 

H,  j  =  7  Hz),  2.29  (s,  3  H) ,  1.61  (m,  2  H)  ,  1.2-1. 5  (m,  36  H)  . 

A  solution  of  21-cyano-l-heneicosyl  thioacetate  i.n  40  mL  HeCH 
was  decxygenated  with  N2  •  Granular  K2CO3  (0.5  g)  was  added  a.nd  the 
mixture  as  stirred  for  2  h  under  N2 .  "he  reaction  was  q-uenched  by 
addition  of  5  .m.L  cone  HCl,  added  to  50  mL  dist  K2O  and  extracted 
with  Et20  (3  x  25  ml;)  .  The  organic  extracts  were  com±>ined  and 
concentrated.  Purification  by  chromatography  (1:8  EtOAc/hexanes) 
yielded  the  title  compound  as  a  white  solid  (451  mg,  1.28  mmol, 
69%).  .M.P.  47-48  "C .  NMR  (CDCI3,  300  MHz)  5  2.50  (quart,  2  H, 

J  =  7  Hz) ,  2.31  (t,  2  H,  J  =  7  Kz),  1.61  (m,  4  H,  J  =  7  Hz) ,  1.30 
(t,  1  H,  J=  7  Hz),  1.2-1. 5  (m,  34  K) .  Anal .  Calcd  (Found)  for 
C22H42NS:  C,  74.72  (75.18);  H,  12.26  (12.33);  N,  3.96  (3.89);  S, 

9.07  (8.70). 

10-Mercapto-l-decanol  (17),  A  solution  of  9-decenol  (3.21 
g,  20.6  mmol),  thioacetic  acid  (2  mL)  and  AIBN  (5  mg)  in  T.HF  (50 
mL)  was  photolyzed  for  12  h.^  The  solution  was  concentrated,  and 
10-thioacetyl-l-decanol  was  obtained  by  chromatography  (15% 
EtOAc/hexanes)  and  further  purified  by  recrystallization  from 
hexanes  (3.75  g,  16.1  mmol,  79%).  M.P.  28.5-29.3  “C.  NM,R 
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(CDCI3,  250  KHz)  5  3.61  (t,  2  H,  J  =  7  Hz),  2.83  (t,  2  H,  J  =  7 
Kz),  2.2s  (s,  3  K) ,  1.53  (m,  4  H),  1.2-1. 4  (m,  12  H)  .  Anal . 

Calcd  (Found)  for  C12H24O2S:  C,  62.02  (62.31);  H,  10.41  (10.76);  S 

13.80  (13.34)  . 

A  methanolic  solution  (50  mL)  of  lO-thioacetyl-l-decanol  (1.43 
g,  6.17  mmol)  was  deoxygenated  with  bubbling  N2  for  30  min. 

Granular  K2CO3  (0.5  g)  was  added  and  the  mixture  stirred  for  2  h 
under  N2 .  The  reaction  was  quenched  with  glacial  AcOH  (2  mL)  and 
added  to  50  mL  dist  H2O.  Extraction  with  CHCI3  (3  x  25  mL)  and 
purif icatio.n  by  chromatography  (20%  EtCAc/hexanes )  gave  the  title 
ccmpou.nd  as  a  colorless  oil  (1.05  g,  5.53  mmol,  90  %)  .  NKR 

(CDCI3,  300  lL-:z)  5  3.62  (t,  2  H,  J  =  7  Kz)  ,  2.50  (quart,  2  H,  J  =  1 

Hz),  1.45-1.6  (m,  4  H) ,  1.31  (t,  1  H,  J  =  7  Kz) ,  1.2-1. 4  (m,  12 

H)  . 

21-Docosenyl  t-butyldimethylsilyl  ether.  A  solution  of 
10-undecylenic  m.agnesium  bromide  was  prepared  by  dropwise  additic.n 
of  11-bromo-l-undecene  (5.59  g,  24.0  mmol;  in  20  mL  TKF  into  a 
flame-dried  flask  containing  Kg  and  50  mL  TKF.  The  Grignard 
solution  was  then  added  dropwise  to  a  flask  containing  11-bromo- 
undecyl  t-butyldimethylsilyl  ether^  (4.53  g,  12.4  mmol),  and 
Li2CuCl4  (0.3  mmol)  in  50  mL  TKF  at  0  The  reaction  warmed  to 

room  tem.perature  overnight.  The  reaction  mixture  was  added  to  an 
aqueous  solution  of  NH4CI  (30  g  in  125  mL  dist  H2O)  to  remove  the 
copper  salts.  The  layers  were  separated  and  the  aquesous  fraction 
extracted  with  50  mL  THF.  The  organic  extracts  were  combined  and 
concentrated  to  give  a  yellow  oil.  The  title  compound  was 
obtained  by  chrom.atography  (hexanes  followed  by  2%  EtOAc/hexanes) 
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as  a  colorless  oil  (3.92  g,  8.94  mmol,  72%).  N.MR  (CDCI3,  250 

MHz)  5  5.80  (m,  1  H)  ,  4.95  (d,  1  .H,  J-=  28  Hz),  4.93  (m,  1  K)  ,  3.57 

(t,  2  H,  J=  7  Kz),  2.02  (quart,  2  K,  J  =  7  Kz) ,  1.49  (m,  2  H,  J= 

7  Hz),  1.2-1. 4  (m,  34  H) ,  0.87  (s,  6  H)  ,  0.03  (s,  9  K)  . 

21- Docosen-l-ol .  A  solution  of  tetrabutylammmonium  fluoride 

in  THF  (20  mL,  1.0  M)  was  added  to  21-docosenyl 

t-butyldimethylsilyl  ether  (3.92  g,  8.94  mmol)  i.n  40  .mL  T.HF .  T.he 
reaction  was  stirred  for  2.5  h  and  concentrated  under  reduced 
pressure.  The  title  compound  was  obtained  by  chrom.atocraphy  (1:4 
EtCAc/he.xanes )  as  a  white  solid  (2.70  g,  8.32  m.mol,  93%).  .M.?. 

60-61'C.  -H  (CDCI2,  300  .‘-IHz)  0  5.7  9  (m,  1  H)  ,  4.95  (d,  1  H,  J 

=  32  Hz),  4.93  (m,  1  H) ,  3.61  (t,  2  H,  J  =  7  Hz),  2.01  (quart,  2 
H,  >7=  7  Hz),  1.54  (m,  2  H,  J  =  7  Hz),  1.2-1. 4  (m,  34  H)  . 

22- Mercapto-l-Docosanol  (20) .  A  solution  of  21-docosen-l-ol 
(2.01  g,  6.21  ntmol)  ,  thioacetic  acid  (2  mL)  ,  AI5N  (2  mg)  and  THF 
(50  .mL)  was  phctolyzed  for  4  h.  The  reaction  mixture  was  addded 

to  40  mL  di  it  .’20  and  extracted  with  Et20  (2  x  25  mL)  .  The  organic 
extracts  were  combined  and  concentrated  to  give  a  white  solid. 

The  m.aterial  was  dissolved  in  HeCH  (100  m.L)  and  the  solution  purge 
with  N2  for  30  min.  Cone  HCl  (10  mL)  was  added  and  the  solution 
refluxed  for  4  h.  Upon  cooling,  the  product  crystallized  out  and 
was  collected  by  filtration.  The  title  compound  was  purified 
further  by  recrystallization  from  hexanes  (1.27  g,  3.55  mmol, 

57%).  M.?.  72-73  ®C .  NKR  (CDCI3,  250  MHz)  5  3.62  (t,  2  H,  J= 

7  Hz),  2.50  (quart,  2  H,  J"  =  7  Hz),  1.45-1.65  (m,  4  K)  ,  1.31  (t,  1 
H,  J  =*  7  Hz),  1.2-1. 4  (m,  36  H)  .  Anal  .  Calcd .  (Found)  for 

C22H<60S:  C  73.67  (73.89);  H  12.93  (12.83). 
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1 1-Mercapto-undecanamide  (21).  A  solution  of 
lO-ur.cecena.-r.idc^  Il.O'l  g .  lfi.6  irjnol),  thioacetic  acid  (3  mL)  ,  AIHN 
(5  ~g)  ,  in  60  r-.L  TKF/MeC.H  (1:1)  was  photolyzed  for  12  h.'-  Tht 
reaction  rr.ixture  was  concentrated  and  cave  a  solid. 

Kecryst al  1  i cat icn  from  EtCH/K20  gave  1  l-thicacetyl-undeca.nan'.ice  as 
a  white  solid  (3.64  g,  14.0  rtmol,  65%).  M.P.  Sl-92  “C.  ‘H 


iCZCl^ / 

3C0  MHz) 

5 

5.42 

(br. 

2  H)  , 

2.63 

(t. 

2 

H,  J  = 

7  Hz) ,  2.29 

(s,  3  H) 

,  2.19  ( 

^  t 

2  H, 

J  = 

7  Hz)  , 

1.60 

(It, 

2 

H,  J  = 

7  Hz) ,  1.53 

{ .T, ,  2  r.  t 

J  =  7 

:)  , 

1.2 

-1 .  4 

(.t,  12 

H)  . 

1 

Calcd 

(Found)  for 

C::H25--:S;  C,  60. is  (59.65);  H,  9.71  (9. SC);  .M,  5.40  (5.45). 

A  ."ethanclic  solutic.n  (4  0  rrJL)  cf  ll-thicacetyl-undeca.na.~ide 
(1.05  g,  4.10  rjT.cl)  was  decxycenated  with  N2  30  r.i.n.  Granular 

K2CC3  (0.3  g)  was  added  and  the  ir.ixture  stirred  under  N2  fcr  12  h. 
The  reaction  was  q-uenched  by  addition  cf  3  r.L  glacial  acetic  acid 
and  added  to  50  rl.  dist  H2O.  The  title  co.t, pound  was  obtained  by 
extraction  with  CHCI3  (3  x  30  rJ.)  and  subsequent  concentration. 
Purif icatic.n  by  colurji  chrcn-.atography  (1%  KeCH/CHCl3)  gave  11- 

n.ercaptc-undecanar.ide  as  a  white  solid  (0.50  g,  2.3  itmol,  56%). 
M.P.  SO-Sl  'C.  *H  NMR  (CDCI3,  300  MHz)  5  5.57  (br,  2  .-)  ,  2.49 

(quart,  2  H,  J  =  7  Hz),  2.20  (t,  2  H,  v7  =  7  Hz),  1.45-1.6  (m,  4 
H)  ,  1.30  (t,  1  H,  J'  =  7  Hz),  1.2-1. 4  (in,  12  H)  .  A.nal.  Calcd 
(Found)  fcr  C11K23NOS:  C,  60.78  (61.01);  H,  10.67  (11.01);  N,  6.44 
(6.36) ;  S,  14.75  (14 . 60) . 
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